1. Introduction {#s0005}
===============

Amyotrophic lateral sclerosis (ALS) is an idiopathic and fatal neurodegenerative disease characterized by a progressive degeneration of both upper and lower motor neurons, leading to limb paralysis, dysarthria, dysphagia, and respiratory failure ([@bb0330]; [@bb0540]). In addition to motor system pathology, ALS is also associated with varying degrees of extra-motor brain degeneration, affecting behavior, language and cognitive functions ([@bb0255]; [@bb0445]; [@bb0570]). Indeed, up to 50% of ALS patients show cognitive and/or behavioral changes, while 10--15% exhibit more severe impairment and meet criteria for frontotemporal dementia (FTD) ([@bb0435]). Furthermore, ALS shares a common neuropathology with FTD that is characterized by the deposition of TAR DNA-binding protein 43 (TDP-43) ([@bb0455]; [@bb0485]).

Neuroimaging studies of ALS patients have documented aberrant brain structure and function for regions underlying motor and non-motor functioning. Structural MRI studies demonstrated reduced gray matter volume and cortical thickness in both motor and extra-motor regions, involving the frontal ([@bb0070]; [@bb0410]; [@bb0615]; [@bb0625]), temporal ([@bb0050]; [@bb0135]; [@bb0510]; [@bb0560]), parietal ([@bb0050]; [@bb0170]; [@bb0335]; [@bb0560]; [@bb0565]), and limbic cortices([@bb0180]; [@bb0515]; [@bb0555]; [@bb0575]). Diffusion tensor imaging (DTI) studies consistently reported abnormal diffusion parameters in corticospinal tracts ([@bb0165]; [@bb0310]; [@bb0415]; [@bb0440]; [@bb0560]) and corpus callosum ([@bb0220]; [@bb0310]; [@bb0415]; [@bb0650]), as well as extra-motor regions, especially the frontotemporal areas ([@bb0385]; [@bb0440]; [@bb0505]; [@bb0575]). Resting-state fMRI studies reported both increased ([@bb0015]; [@bb0195]; [@bb0290]; [@bb0415]) and decreased ([@bb0020]; [@bb0320]; [@bb0430]; [@bb0550]; [@bb0650]) functional connectivity in motor and extra-motor brain networks. This body of evidence suggests that ALS is associated with multi-systemic neurobiological abnormalities that might impact large-scale brain networks.

Graph theory provides a powerful tool for characterizing the topological organization of large-scale brain networks. Using this method, previous studies have demonstrated that brain networks of healthy individuals have an economical small-world topology and a modular organization ([@bb0010]; [@bb0140]; [@bb0205]; [@bb0275]; [@bb0420]). The small-world architecture is characterized by a high degree of local clustering and short path length linking individual network nodes, and is believed to be specially suited for cognitive processing ([@bb0280]; [@bb0525]). However, it should be noted that a high value in small-world index, a quantitative measure of small-world topology, could also be observed in highly segregated yet poorly integrated networks due to a lack of long-distance connections ([@bb0490]). The modular organization implies that the brain networks can be decomposed into subsystems or modules of interconnected brain regions, and is thought to confer robustness and adaptability to the brain networks ([@bb0425]). In previous neuroimaging investigations, the small-world architecture and modular organization have been shown to be disrupted in various brain diseases, such as Alzheimer\'s disease ([@bb0280]; [@bb0475]; [@bb0635]), schizophrenia ([@bb0035]; [@bb0365]; [@bb0645]) and depression ([@bb0145]; [@bb0640]). In ALS, several graph theoretical analyses have been conducted to examine the topological changes of both the resting-state functional networks ([@bb0250]; [@bb0315]) and diffusion-based anatomical networks ([@bb0115]; [@bb0190]; [@bb0610]; [@bb0620]). Results obtained by these studies however are inconsistent (even within studies using the same imaging modality): while some studies showed a significant increase in clustering coefficient ([@bb0250]; [@bb0315]) and characteristic path length ([@bb0190]), others found no changes at all ([@bb0115]; [@bb0610]). Moreover, all of these studies were limited in examining small samples of ALS patients. Of note, to date no study has been performed to examine the modular organization of the brain networks in ALS patients.

In recent years, covariance of brain morphology has been suggested to be a valuable tool to infer large-scale structural brain networks (i.e., structural covariance networks). A key assumption underlying this methodology is that the morphological characteristics of interconnected brain regions would covary since they share common developmental and maturational influences ([@bb0040]). It has been shown that structural covariance networks correspond with functional networks and anatomical networks constructed through white matter tractography ([@bb0110]; [@bb0305]). However, such correspondence should not be considered to be in a connection-by-connection manner, as structural covariance networks in themselves carry unique and meaningful information such as synchronized maturation between brain areas ([@bb0040]; [@bb0110]). Furthermore, the construction of structural covariance networks requires relatively lower computational loads ([@bb0635]) and is arguably less sensitive to noise in contrast to those of functional and diffusion-based anatomical networks ([@bb0075]; [@bb0080]). To the best of our knowledge, the structural covariance networks in ALS remain unexplored. More importantly, given that ALS has recently been proposed to be driven by cortical pathologies ([@bb0200]), such as intracellular inclusions of TDP-43 ([@bb0095]; [@bb0100]), structural covariance network analysis based on gray matter morphology may provide new insights into the pathophysiology of this disease.

In the present study, we used graph theory to examine the topological abnormalities of structural covariance networks for a relatively large sample of ALS patients (*N* = 60) compared with age- and sex-matched normal controls (N = 60). More specifically, a few global network parameters, such as small-world parameters, modularity and global efficiency, as well as two regional network parameters including nodal degree and betweenness centrality, were calculated to characterize the topological organization of the structural covariance networks of the two groups. We hypothesized that the structural covariance networks of ALS patients would show suboptimal topological organization evidenced by altered global network parameters, such as decreased global efficiency, altered small-world parameters and modularity, and also regional network parameters, such as decreased nodal degree and/or betweenness centrality.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

One hundred and twenty-eight patients with a diagnosis of sporadic probable or definite ALS according to the revised El Escorial criteria were recruited from 2013 to 2018 ([@bb0105]). Participants underwent clinical examination on the day of MRI examination. All patients were assessed and assigned a score for 'ALS Functional Rating Scale-Revised' (ALSFRS-R) ([@bb0130]). Clinical variables of 'disease duration', measuring the temporal extent from the symptom onset to the scanning date (in months) and 'rate of disease progression', defined as (48-ALSFRS-R)/(disease duration), were also obtained. All patients included in the present study had not received any specific medication. Exclusion criteria were: (1) clinical diagnosis of frontotemporal dementia ([@bb0105]; [@bb0480]); (2) family history of motor system diseases; (3) major neurological or psychiatric disorders; and (4) cognitive impairment (Montreal Cognitive Assessment (MoCA) score \< 26) ([@bb0450]). As displayed in the flow chart for patient inclusion and exclusion (**Fig. S1** in Supplementary Materials), a total of 68 patients were excluded from this study, 5 for major neurological disorders and 63 for MoCA score \<26. At last, 60 patients (39 men and 21 women) were included in the current study. Sixty normal controls (39 men and 21 women) with no history of neurological or psychiatric conditions and with normal brain MRI were recruited from the local community. All participants were right-handed based on measurements of the Edinburgh inventory. Detailed demographic data of all participants are shown in [Table 1](#t0005){ref-type="table"}. The study was conducted in agreement with the Code of Ethics of the World Medical Association (Declaration of Helsinki, 1967). Ethical approval for all procedures was obtained in advance (the Medical Research Ethics Committee of the Southwest Hospital), with written informed consent obtained from all participants.Table 1Demographic data of the participants.Table 1ALS patients (N = 60)Normal controls (*N* = 60)*P* valueMean Age in Years (range)48.77(26--69)48.15(24--70)0.73Male/female39/2139/211.00Education Level in Years (range)12.2 (5--18)12.7 (6--19)0.48MoCA Score (range)27.38 (26--30)27.63 (26--30)0.29Limb/bulbar/both onset47/12/1----Classic/LMN-D/UMN-D/PLS/PMA43/7/7/2/1----Mean Disease Duration in Months (range)21.05(2−132)----Mean ALSFRS-R (range)32.62(16--45)----Mean Disease Progression Rate (range)1.36(0.02--6.50)----[^1]

2.2. MRI data acquisition and preprocessing {#s0020}
-------------------------------------------

Subjects were imaged with a Siemens 3 T Tim Trio scanner using an eight-channel head coil. High-resolution T1-weighted structural MRI scans were acquired using a magnetization-prepared rapid gradient-echo imaging sequence (repetition time = 1900 ms, echo time = 2.52 ms, inversion time = 900 ms, flip angle = 9^o^, matrix = 256 × 256, thickness = 1.0 mm, no gap, 176 slices, and voxel size = 1× 1 × 1 mm^3^).

Image preprocessing was performed using the Statistical Parametric Mapping 8 (SPM8; Functional Imaging Laboratory, Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, UK; <http://www.fil.ion.ucl.ac.uk/spm>) VBM8 toolbox (<http://www.neuro.uni-jena.de/vbm/download/>). All structural images were segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid. The GM images were normalized to the Montreal Neurological Institute space using high-dimensional DARTEL normalization. Images were then modulated to ensure that actual GM volumes were well preserved following spatial normalization.

2.3. Construction of structural covariance networks {#s0025}
---------------------------------------------------

As has been done in previous graph theoretical analyses of structural covariance networks, we generated 90 cortical and subcortical regions of interest (ROIs), excluding the cerebellum, from the Automated Anatomical Labeling atlas ([@bb0590]). These ROIs were used to mask the individual modulated GM images obtained from voxel-based morphometry and extract the average volume of each ROI. A linear regression analysis was performed at every ROI to remove the effects of age, gender and mean overall GM volume. The residuals of this regression, hereafter referred as corrected GM volumes, were used to construct structural covariance networks ([@bb0275]). Specifically, a correlation matrix *R* = \[*r*~*ij*~\] (*i* *=* *1...N*, *j* *=* *1...N*, here *N* *=* 90) of each group was derived by calculating the Pearson correlation coefficients across individuals between the corrected GM volumes of every pair of regions. The diagonal elements of the correlation matrix were then set to zero to eliminate self-loops. Only positive correlations of the correlation matrix were considered, and negative correlations were assigned a value of zero before further network analysis. From the correlation matrix, a binary adjacency matrix, *A* = \[*a*~*ij*~\], was obtained where *a*~*ij*~ is 1 if the absolute value of the correlation coefficient *r*~*ij*~ between regions *i* and *j* is greater than a specific threshold and 0 otherwise. The resultant adjacency matrix *A* represented a binary undirected graph *G (N, E)*, where *N* is the number of nodes and *E* is the number of edges. Here, nodes represent brain regions and edges represent undirected links between nodes, which correspond to the nonzero elements in *A*.

2.4. Global network parameters {#s0030}
------------------------------

Several global network parameters, including clustering coefficient, path length, small-world index, global efficiency, local efficiency, and modularity, were employed to characterize the topological organization of the structural covariance networks ([@bb0490]). Among these parameters, the clustering coefficient, path length and small-world index are the most widely-used parameters for quantifying the small-world topology of a network. Briefly, the clustering coefficient of a node is defined as the ratio of the number of existing edges to the number of all possible edges in the node\'s direct neighbors. The clustering coefficient of a network is defined as the average of clustering coefficients over all nodes and reflects network segregation. The shortest path length between two nodes is defined as the minimum number of edges that separates them. The characteristic path length of a network is defined as the average shortest path length between pairs of nodes in a network and reflects network integration. As seen in previous studies ([@bb0280]; [@bb0275]), the fascinating properties of small-world networks were demonstrated through comparisons with random networks that did not show any systemic organization of nodes and edges. The clustering coefficient and characteristic path length of each network were normalized to the corresponding mean values of matched random networks. The small-world index is defined as the ratio of normalized clustering coefficient to normalized path length. The global efficiency is defined as the inverse of the harmonic mean of the shortest path lengths across pairs of nodes in a network. The local efficiency of a node is defined as the global efficiency of the subgraph composed of the nearest neighbors of the node. The local efficiency of a network is defined as the average of local efficiencies across all nodes. The modularity ([@bb0085]) quantifies the degree to which a network can be decomposed into sub-networks (modules) that have maximal intra-module connections and minimal inter-module connections.

2.5. Regional network parameters {#s0035}
--------------------------------

Nodal degree and nodal betweenness centrality were used to identify the regional alterations of the structural covariance networks. Nodal degree is defined as the number of connections that a node has with the rest of the network and is considered a measure of the node\'s interaction within the network. Nodal betweenness centrality is defined as the fraction of all shortest paths in the network that pass through a given node, relative to the total number of shortest paths. Prior to group comparison, the nodal degree and the nodal betweenness centrality were normalized by the average network degree and betweenness centrality, respectively.

2.6. Network hubs {#s0040}
-----------------

Hubs of a network are nodes that play a critical role in the control of information flow over the network. In this study, a node was considered as a hub if its nodal betweenness centrality is at least one standard deviation higher than the average network betweenness centrality ([@bb0060]; [@bb0300]).

2.7. Statistical analyses {#s0045}
-------------------------

Graph analysis toolbox ([@bb0295]) was used to compare the structural covariance networks between ALS patients and controls. Thresholding the correlation matrices with an absolute value results in different numbers of nodes and edges, which may introduce a confound for subsequent between-group comparisons. To solve this problem, the correlation matrix of each group can be thresholded into a binary adjacency matrix with a network density *D*, which is defined as the number of edges in a graph divided by the maximum possible number of edges. In this study, a wide range of network densities of 0.10 ≤ *D* ≤ 0.42 were used. The lower limit of the range was the minimum density where the networks of both groups were not fragmented (Here *D*~min~ = 0.10). The upper limit of the range was the maximum density (Here *D*~max~ = 0.42) where the networks of both groups had small-world indices \>1.2 ([@bb0300]).

Nonparametric permutation testing (1000 repetitions) was conducted to test the statistical significance of the ALS-related differences in global and regional network parameters ([@bb0110]; [@bb0280]). In each permutation, the corrected GM volumes of each participant were randomly reassigned to one of the two new groups with the same number of participants as the original groups. Correlation matrices in each randomized group were constructed and thresholded across the range of network densities. The network parameters were computed for each network at each density. Between-group differences in the network parameters for the two randomized groups were then computed to create a permutation distribution of difference under the null hypothesis. For each network parameter, the actual difference between ALS patients and controls was placed in its corresponding permutation distribution to obtain the significance level. Furthermore, the area under the curve (AUC) was calculated as a summary metric to evaluate the overall group-level differences across all densities ([@bb0110]). The significance level was set at *P* \< .05 for group differences in global network parameters. The significance level for group differences in regional network parameters was set at P \< .05 after false discovery rate correction for multiple comparisons.

3. Results {#s0050}
==========

3.1. Global network analysis {#s0055}
----------------------------

The correlation matrices of the two groups showed that strong correlations exist between most homotopic brain regions ([Fig. 1](#f0005){ref-type="fig"}). The global network parameters for each group at a range of densities (0.10--0.42) are displayed in [Fig. 2](#f0010){ref-type="fig"}. We found that the structural covariance networks of both groups had a small-world topology across the range of densities, namely, normalized path length close to 1 ([Fig. 2](#f0010){ref-type="fig"}A) and normalized clustering higher than 1 ([Fig. 2](#f0010){ref-type="fig"}B), or small-world index \>1.2 ([Fig. 2](#f0010){ref-type="fig"}C). Compared with normal controls, ALS patients showed significant increases in normalized path length, normalized clustering coefficient, small-world index and local efficiency, and significant decreases in global efficiency at several network densities ([Fig. 3](#f0015){ref-type="fig"}). Summary AUC analyses of these indices revealed significantly increased normalized clustering coefficient (*P* = .02), normalized path length (*P* = .03) and small-world index (P = .03), as well as significantly decreased global efficiency (*P* = .04) in ALS patients compared with normal controls.Fig. 1Correlation and binary adjacency matrices for normal controls (NC) and ALS patients. Correlation matrices for (A) NC and (B) ALS patients, and binary adjacency matrices thresholded at *D*~min~ for (C) NC and (D) ALS patients. The color bar denotes the correlation coefficient and represents the strength of the connections.Fig. 1Fig. 2Changes in global network parameters as a function of network density. (A) normalized path length, (B) normalized clustering coefficient, (C) small-world index, (D) global efficiency, (E) local efficiency and (F) modularity in normal controls (NC) and ALS patients.Fig. 2Fig. 3Differences between normal controls (NC) and ALS patients in global network parameters as a function of network density. The 95% confidence interval and group differences in (A) normalized path length, (B) normalized clustering coefficient, (C) small-world index, (D) global efficiency, (E) local efficiency and (F) modularity. The \* marker denotes the difference between NC and ALS patients; the \* signs lying outside of the confidence intervals indicate the density where the difference is significant at *P* \< .05. The positive values indicate ALS patients \> NC and negative values indicate ALS patients \< NC.Fig. 3

For several network densities, the structural covariance networks of the ALS patients had higher modularity than those of normal controls ([Fig. 3](#f0015){ref-type="fig"}F). Subsequent AUC analysis revealed significant modularity increase (P = .03) in ALS patients compared with normal controls. Specifically, we identified four modules in normal controls which were designated as the "Frontal-Operculum" module, the "Parietal-Occipital" module, the "Central" module and the "Temporal-Subcortical" module ([Fig. 4](#f0020){ref-type="fig"}A). In ALS patients we identified six modules which were designated as the "Frontal" module, the "Operculum" module, the "Occipital" module, the "Parietal-Temporal" module, the "Central" module and the "Temporal-Subcortical" module ([Fig. 4](#f0020){ref-type="fig"}B). In short, the "Frontal-Operculum" module and the "Parietal-Occipital" module of normal controls were segregated into two smaller and more local modules in ALS patients-the "Frontal" module and the "Operculum" module, and the "Occipital" module and the "Parietal-Temporal" module, respectively. Although the "Central" and the "Temporal-Subcortical" module were identified in both groups, some differences existed in the size and composition for these modules. For the detailed composition of each module, see **Table S2** in Supplementary materials.Fig. 4Brain modules in normal controls (NC) and ALS patients. (A) Four modules were identified in NC and (B) six modules were identified in ALS patients.Fig. 4

3.2. Regional network analysis {#s0060}
------------------------------

Compared with normal controls, we found decreased nodal degree in the right gyrus rectus (GR) and Heschl\'s gyrus (HG) in ALS patients ([Fig. 5](#f0025){ref-type="fig"}A). Compared with normal controls, both decreased and increased betweenness centrality were found in ALS patients ([Fig. 5](#f0025){ref-type="fig"}B). The ALS-related decrease in nodal betweenness was found in the right GR; the ALS-related increase in betweenness centrality was found in the left posterior cingulate cortex (PCC), left triangular part of inferior frontal gyrus (IFG), right supplementary motor area (SMA) and right supramarginal gyrus (SMG).Fig. 5Differences between normal controls (NC) and ALS patients in regional network parameters. Regions that showed significant differences between ALS patients and NC in regional degree (A) and regional betweenness (B) for networks thresholded at minimum density. The color bar indicates *log(1/P)*. Warm colors denote regions with significantly higher nodal degree or betweenness in ALS patients than in NC, while cool colors denote regions with significantly higher nodal degree or betweenness in NC than in ALS patients.Fig. 5

3.3. Network hub analysis {#s0065}
-------------------------

Compared with normal controls, a different number and distribution of network hubs were found in ALS patients. Specifically, we identified seven network hubs ([Fig. 6](#f0030){ref-type="fig"}A) in normal controls (seven cortical) and 11 network hubs ([Fig. 6](#f0030){ref-type="fig"}B) in ALS patients (three subcortical, eight cortical). The hub locations were distributed in frontal, temporal, parietal, and occipital cortical regions as well as subcortical regions. The bilateral medial orbitofrontal cortex was common in both groups.Fig. 6Network hubs in normal controls (NC) and ALS patients. (A) Seven network hubs (cortical) were identified in NC and (B) 11 network hubs (cortical and subcortical) were identified in ALS patients.Fig. 6

4. Discussion {#s0070}
=============

Here we investigated the topological organization of the structural covariance networks of ALS patients. Compared with normal controls, we found that structural covariance networks of ALS patients showed a consistent rearrangement towards a regularized architecture, as indicated by increased normalized path length, normalized clustering coefficient, small-world index, and modularity, as well as decreased global efficiency, suggesting inefficient global integration and increased local segregation. In addition to the alterations in global network parameters, regional network parameters were affected, showing both decreased and increased nodal betweenness/degree in ALS patients compared with normal controls. We also found a different number and distribution of network hubs in ALS patients compared with normal controls. These findings provide insights into our understanding of the altered topological organization in the structural covariance networks of ALS.

4.1. ALS-related alterations in global network parameters {#s0075}
---------------------------------------------------------

The structural covariance networks of both ALS patients and controls showed a small-world topology evidenced by higher clustering and comparable path length relative to random networks. Brain networks organized as such permit both specialized (segregated) and integrated information processing, thereby maximizing the efficiency of information propagation while minimizing wiring costs ([@bb0005]; [@bb0325]). Our results provide further evidence for the notion that small-world topology is a fundamental organizational principle of structural brain networks.

Despite the presence of a small-world topology, there were significant group differences in several global network parameters. ALS patients showed significantly increased normalized path length and normalized clustering coefficient in their structural covariance networks compared with normal controls. Likewise, network efficiency analysis revealed significantly decreased global efficiency in ALS patients compared with normal controls. On the one hand, the increase in normalized path length and the decrease in global efficiency, which are in agreement with some previous diffusion MRI network studies ([@bb0190]), reflect disrupted global integration of the structural covariance networks and may be attributable to decreased long-range connections in ALS patients ([@bb0285]; [@bb0350]). On the other hand, the increase in normalized clustering coefficient suggest a stronger local segregation of the structural covariance networks and may be associated with increased short-range connections in ALS patients ([@bb0285]; [@bb0350]). Compared with normal controls, we found an increased small-world index (the ratio of normalized clustering coefficient to normalized path length) in ALS patients, suggesting that alteration in the small-world topology of ALS patients is predominantly driven by the increase in local clustering rather than by the increase in path length. Here, the increase in small-world index should not be thought of as a sign of enhanced small-world architecture, but rather should be considered as an indicator of a more segregated yet less integrated network organization ([@bb0490]; [@bb0535]), in keeping with the results obtained for the individual small-world parameters mentioned above.

More interestingly, our analysis showed a significant modularity increase in ALS patients, suggesting that the structural covariance networks of ALS patients are fragmented into more tightly-clustered modules with poorer inter-module communications. In our study, we identified four modules in normal controls, i.e., the "Frontal-Operculum" module, the "Parietal-Occipital" module, the "Central" module and the "Temporal-Subcortical" module. This finding is consistent with some previous network studies. For example, the 'Central' module identified in this study roughly corresponds to the 'Central' module obtained in resting-state fMRI networks ([@bb0420]) and the sensorimotor module obtained in structural covariance networks using cortical thickness correlations ([@bb0140]). In contrast to normal controls, two more modules (namely six modules) were identified in ALS patients. Notably, the "Frontal-Operculum" module and the "Parietal-Occipital" module of normal controls segregated into two smaller and more local modules in ALS patients, namely, the "Frontal" module and the "Operculum" module, and the "Occipital" module and the "Parietal-Temporal" module, respectively. This finding may be the result of more intra-modular connections (short-range connections or unimodal connections) and less inter-modular connections (long-range connections or cross-modal connections) ([@bb0425]; [@bb0630]), which is also compatible with the aforementioned increases in the normalized clustering coefficient and the normalized path length. In previous network analyses, increases in modularity have been reported in several brain diseases such as Parkinson\'s disease ([@bb0055]), mild cognitive impairment and Alzheimer\'s disease ([@bb0475]), which were associated with worse memory and visuospatial performance ([@bb0055]; [@bb0630]). This suggests that they represent pathological alterations and are related to greater clinical decline. Hence, the modularity increase could reflect the imbalance between global integration and local segregation that may underlie the motor and cognitive deficits in ALS patients.

Taken together, alterations in these global network parameters indicate a consistent rearrangement towards a regularized architecture, namely a network configuration that was shown to be associated with reduced signal propagation speed and synchronizability relative to small-world networks ([@bb0535]), and therefore a suboptimal topological organization of the structural covariance networks of ALS patients.

4.2. ALS-related alterations in regional network parameters {#s0080}
-----------------------------------------------------------

Compared with normal controls, we found a significantly decreased nodal degree in the GR and HG of ALS patients. We also showed decreased nodal betweenness in the GR of ALS patients compared with normal controls. The GR is the medial part of the orbitofrontal cortex, and abnormalities in this region have been associated with deficits in social cognition including facial emotion recognition, empathy and theory of mind (ToM; i.e., the ability to infer mental states of oneself and others) ([@bb0065]; [@bb0495]). Converging evidence has demonstrated that recognition of facial expressions of anger, sadness, disgust and surprise, as well as some aspects of ToM are differentially impaired in ALS patients ([@bb0090]; [@bb0405]; [@bb0500]; [@bb0595]). Dysfunctions in emotion recognition in ALS patients have been related to the alteration of white-matter integrity along the right inferior longitudinal fasciculus and inferior fronto-occipital fasciculus, which link the occipital cortices to temporo-limbic and orbitofrontal regions, respectively ([@bb0175]). Our finding of decreased nodal degree and betweenness in GR is supported by the histopathological stages of TDP-43 proteinopathy in postmortem ALS brains showing TDP-43 inclusions in the GR at stage 3 ([@bb0095]; [@bb0100]). The HG, predominately encompassing the primary auditory cortex, plays a central role in pitch perception ([@bb0260]; [@bb0545]) and is crucial for speech perception and comprehension ([@bb0030]; [@bb0185]; [@bb0245]). Our finding of decreased nodal degree in the HG is in agreement with several previous studies, which showed decreased degree centrality ([@bb0655]), *N*-acetylaspartate/choline ([@bb0605]) and white matter fractional anisotropy ([@bb0385]) in the HG of ALS patients. Notably in the 3rd stage of TDP-43 proteinopathy, intracellular inclusions of TDP-43 have also been documented in the middle and superior temporal gyrus ([@bb0095]; [@bb0100]). However, the exact functional correlate of the decreased nodal degree in the HG remains unclear. Presumably, a decrease in the nodal degree in the HG may relate to impairments in prosodic recognition ([@bb0660]) as well as in the recognition of both sarcastic and paradoxical sarcastic statements ([@bb0530]) in ALS patients. These findings, together with a previous diffusion-based network report of decreased nodal degree in the GR and HG of patients with the behavioral variant of FTD ([@bb0025]), provide new evidence for a continuum between ALS and FTD.

The present study also showed significantly increased nodal betweenness in several brain regions in ALS patients, including the SMA, the triangular part of IFG, the PCC and the SMG. The increased nodal betweenness in these regions in ALS patients implies that the number of shortest paths passing through these regions is higher than those of the control group, suggesting that the information transfer through these regions is more efficient in ALS patients. Our findings are in agreement with previous task-based fMRI studies, which demonstrated increased activations in several brain regions of ALS patients including the SMA ([@bb0170]; [@bb0340]; [@bb0345]; [@bb0360]), IFG ([@bb0465]), and SMG ([@bb0170]; [@bb0380]). In addition, resting-state fMRI studies reported increased amplitude of low frequency fluctuation in the IFG ([@bb0390]) and increased functional connectivity of the PCC ([@bb0290]; [@bb0415]), SMG ([@bb0020]; [@bb0195]; [@bb0250]; [@bb0290]) and IFG ([@bb0250]; [@bb0375]) in ALS patients.

The SMA is directly connected to the motor cortex and has been shown to play important roles in motor planning and executions ([@bb0160]; [@bb0600]). The triangular part of the left IFG is a portion of Broca\'s area, which is critical for speech production ([@bb0215]; [@bb0225]; [@bb0245]) and has been implicated in various aspects of language processing ([@bb0045]; [@bb0215]; [@bb0460]). The SMG, a heteromodal association area, is known to be crucial for both social cognition and language processing (such as semantic processing) ([@bb0125]; [@bb0270]; [@bb0520]). The PCC is a key node of the default mode network, which plays a central role in supporting internally directed cognition ([@bb0355]), such as memory retrieval, thinking about future, and inferring the perspectives and thoughts of other people (i.e., ToM) ([@bb0120]). The increased nodal betweenness in these regions may represent neuroplastic reorganizations to compensate (albeit in a futile way) for the motor, language, behavioral and cognitive deficits in ALS patients. In addition to the above-mentioned compensatory mechanism, the hypothesis of cortical hyperexcitability mediated via glutamate excitotoxicity ([@bb0330]; [@bb0580]) could also be used to explain the increased nodal betweenness in these regions. Of note, PET studies using the benzodiazepine GABAA receptor ligand \[C^11^\]fumazenil have shown decreased fumazenil binding in widespread brain regions, including the motor cortex, SMA and Broca\'s area, in ALS patients, suggesting a loss of inhibitory interneuronal GABA-ergic influence ([@bb0370]; [@bb0585]). Moreover, several studies have documented an imbalance between excitatory and inhibitory neurotransmitters (such as reduced GABA and increased glutamate-glutamine) in the motor cortex as well as in neighboring subcortical white matter in ALS patients ([@bb0230]; [@bb0240]; [@bb0235]; [@bb0265]). Using spectral dynamic causal modeling, our previous study reported a loss of bidirectional connections between the motor cortex and SMA in ALS patients ([@bb0210]), which may indicate a breakdown of the inhibitory circuit, leading to a hyperactive SMA. At the same time, increased functional connectivity of the PCC to multiple brain regions including the precentral gyrus has been associated with higher disease progression in ALS patients ([@bb0150]). The exact physiologic basis of increased nodal betweenness however remains unknown. Future studies with data from more imaging modalities, such as transcranial magnetic stimulation and magnetic resonance spectroscopy, are warranted to further explore this issue.

4.3. Network hub analysis {#s0085}
-------------------------

The ALS patients and normal controls also differed in the number and distribution of network hubs. The seven network hubs found in the normal controls were primarily in frontal and temporal areas, whereas the 11 hubs identified in ALS patients were primarily in frontal and subcortical areas. Similar to the regional network finding described above, the hubs of the HG and GR in normal controls were not retained in ALS patients, which may underlie the deficits in speech processing and social cognition, and may be attributable to neuropathological alterations in these regions ([@bb0095]; [@bb0100]). Compared with normal controls, more frontal (especially in the orbitofrontal cortex and the superior frontal gyrus) and subcortical regions were identified as hubs in ALS patients. This finding is consistent with previous studies, which reported increased functional connectivity strength in the orbitofrontal cortex and superior frontal gyrus([@bb0395]), increased fractional amplitude of low-frequency fluctuations in the left superior frontal gyrus and right caudate ([@bb0400]), increased glucose metabolism in the bilateral amygdala ([@bb0155]), and increased left amygdala-prefrontal functional connectivity ([@bb0470]) in ALS patients compared with normal controls. The exact neural mechanisms underlying the finding of more hubs in the frontal and subcortical areas however remain unknown, and again may reflect compensatory recruitment or may be driven by a loss of inhibitory neuronal circuits ([@bb0330]; [@bb0580]), as has been previously mentioned.

4.4. Limitations {#s0090}
----------------

There are some limitations that should be addressed in this study. First, the present study was conducted with a cross-sectional design, which does not allow us to delineate the dynamic development of the abnormalities in the structural covariance networks in ALS. A longitudinal study may help to elucidate the dynamic changing pattern of the abnormalities as the disease progresses. Second, in the present study, given that there are no individual networks but only a network per group when performing structural covariance network analysis, we could not examine the relationship between network parameters and clinical measures. Third, the absence of a comprehensive evaluation of non-motor symptoms weakened the interpretation of our findings.

4.5. Conclusions {#s0095}
----------------

In conclusion, the present study revealed abnormal topological organization of the structural covariance networks in ALS patients. Our findings provide network-level evidence for the concept that ALS is a multisystem disorder with a cerebral involvement extending beyond the motor areas.
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Supplementary data to this article can be found online at <https://doi.org/10.1016/j.nicl.2018.101619>.

[^1]: MoCA = Montreal Cognitive Assessment; The ALS patients were subdivided into 5 phenotypes: classic, lower motor neuron dominant (LMN-D), upper motor neuron dominant (UMN-D), primary lateral sclerosis (PLS) and progressive muscular atrophy (PMA).
